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Introduction {#sec1}
============

Selective one-carbon insertion into C−C σ-bonds is a highly desirable strategy to homologate organic molecules ([@bib4]). However, this process is, in general, highly challenging, due to the difficulty of cleaving the relatively inert C−C σ-bonds ([@bib24], [@bib14], [@bib28], [@bib6]). Aside from reactions in strained systems, very few efficient strategies are available ([@bib6]); among these, the homologation of ketones with diazo compounds represents one of the most explored strategies, whereby the diazo compound acts as ambiphilic species in sequential nucleophilic addition/1,2-rearrangement cascades ([@bib4], [@bib23], [@bib15], [@bib16], [@bib17]) ([Figure 1](#fig1){ref-type="fig"}A). Diazo compounds have been widely explored as a source of carbenoids under transition metal catalysis ([@bib34], [@bib13], [@bib8], [@bib11]); in the context of C--C insertions, Wang and co-workers have described the formal insertion of diazo-derived rhodium carbenoids into the cyclic C−C bonds of strained benzocyclobutenols ([@bib33]), whereas Murakami\'s group reported a related enantioselective insertion using *N*-tosylhydrazones as carbene precursors ([@bib37]) ([Figure 1](#fig1){ref-type="fig"}B). In both reports, strain release provides a crucial thermodynamic driving force ([@bib14]). In sharp contrast, the selective one-carbon insertion of diazo-derived carbenoids into unstrained acyclic C−C σ-bonds is a formidable challenge ([@bib2]). Very recently, we have also realized a silver-catalyzed formal carbene insertion into acyclic C-C bonds, affording 1,4-dicarbonyl products bearing an all-carbon quaternary center ([@bib21]). However, the process still has certain deficiencies like the need to synthesize and handle potentially toxic and explosive diazo compounds and the fact that the C-C bond cleavage is limited to 1,3-diketones. As part of our continued interest in the silver-catalyzed activation of diazo compounds ([@bib19], [@bib20], [@bib21]), we here report the silver-catalyzed formal carbene insertion into the unstrained C−C(=O) bonds of 1,3-dicarbonyls ([@bib31]), using *N*-nosylhydrazones ([@bib32], [@bib36], [@bib26], [@bib1]) as diazo surrogates ([Figure 1](#fig1){ref-type="fig"}C). This represents the first example of the homologation of acyclic ketones with aryldiazomethanes ([@bib4], [@bib35]) and offers a straightforward route to construct synthetically useful polysubstituted 1,4-dicarbonyls, which can be difficult to synthesize by other approaches ([@bib9], [@bib38], [@bib18]).Figure 1One-Carbon Insertion of Diazo Compounds into C−C σ-Bonds(A) Lewis acid-promoted nucleophilic addition/1,2-rearrangement.(B) Rh(I)-catalyzed formal carbene insertion into strained C-C bonds.(C) This work: Ag(I)-catalyzed formal carbene insertion into unstrained C-C bonds.

Results and Discussion {#sec2}
======================

As shown in [Scheme 1](#sch1){ref-type="fig"}, initial efforts to achieve the optimal conditions for this insertion process used the reaction of 4-chlorobenzaldehyde *N*-nosylhydrazone **1** and 1,3-diphenylpropane-1,3-dione **2** as the model, AgOTf (10 mol %) and NaH (1.5 equiv) in CH~2~Cl~2~ at 40°C (please see [Table S1](#mmc1){ref-type="supplementary-material"} for details), under which the one-carbon insertion product **3** was obtained in 92% yield. The product structure was unambiguously established by single-crystal X-ray analysis (please see [Table S2](#mmc1){ref-type="supplementary-material"} for details).Scheme 1Optimization of *N*-Nosylhydrazone **1** Insertion into 1,3-Diketone **2**See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

With these conditions in hand, the reaction scope was investigated, first focusing on the *N*-nosylhydrazone substrate ([Figure 2](#fig2){ref-type="fig"}A). Pleasingly, a wide variety of aldehyde- and ketone-derived *N*-nosylhydrazones proved to be suitable substrates. Benzaldehydes substituted with halogens, and a range of other electron-withdrawing (CO~2~Me and CF~3~), electron-neutral, and electron-donating groups (Me, OMe, and OBn) at the *para*, *meta*, or *ortho* positions of the phenyl ring were all well-tolerated, affording the desired 1,4-dicarbonyls **4**--**14** in 58%--86% yield. Notably, a potentially reactive benzylic C--H bond in substrate remained intact ([@bib27]), giving the desired C−C insertion product **14** in 81% yield. More complex aldehyde-derived *N*-nosylhydrazones were also compatible, such as disubstituted arenes, naphthyl, 3-thienyl, 3-furyl, and even cinnamyl groups, leading to the corresponding products **15**--**19** in good yields. To our delight, ketone-derived *N*-nosylhydrazones also underwent successful C--C insertion to give 1,4-dicarbonyls containing an all-carbon α-quaternary stereocenter ([@bib25], [@bib39], [@bib12]), requiring only a slight increase of the reaction temperature to 50°C. The scope of these substrates was again broad, with both electron-rich and electron-poor aryl, naphthyl, and heteroaryl methyl ketone-based hydrazones all undergoing smooth reaction with **2** to give 1,4-diketones (**20**--**27**) in 52%--86% yield. *N*-nosylhydrazones bearing a trifluoromethyl group and a 2-methoxyethyl group were also compatible with the reaction conditions, giving α-functionalized 1,4-dicarbonyls **25** and **26** in 86% and 65% yield, respectively. Even the sterically hindered diphenyl *N*-nosylhydrazone delivered the desired product **27** in excellent yield (85%). Collectively, these results demonstrate the breadth of *N*-nosylhydrazones that can be employed in this insertion chemistry.Figure 2Substrate Scope Investigation(A) C-C insertion reaction of *N*-nosylhydrazones.(B) C-C insertion reaction of 1,3-dicarbonyls.(C) Diastereoselective insertion into α-substituted 1,3-dicarbonyls.Reaction conditions: *N*-nosylhydrazones (0.3 mmol), NaH (0.45 mmol), and CH~2~Cl~2~ (6.0 mL) were stirred at room temperature for 1 hr, then 1,3-dicarbonyls (0.45 mmol) and AgOTf (0.03 mmol) were added, after which the mixture was stirred at 40°C for 18 hr; yields are isolated yields. The reaction was performed at 50°C for compounds **20**--**27**. PCP, *p*-chlorophenyl for compounds **28**--**46**. See also [Figures S3--S111](#mmc1){ref-type="supplementary-material"}.

Next, a variety of 1,3-dicarbonyl compounds, including β-diketones, β-ketoesters, and β-ketoamides, were examined in reactions with 4-chlorophenyl *N*-nosylhydrazone **1** ([Figure 2](#fig2){ref-type="fig"}B). Various symmetrical β-diketones with different substituted aryl/alkyl groups were all excellent substrates, affording the corresponding insertion products **28**--**32** in excellent yields (77%--90%). In the case of unsymmetrical phenyl methyl 1,3-diketone, a 2:1 mixture of products **33** and **33′** was obtained in 90% combined yield. This regioselectivity was dramatically enhanced on turning our attention to β-ketoesters: both electron-rich and electron-poor aryl, 2-naphthyl, and 3-thienyl β-ketoesters all smoothly reacted with *N*-nosylhydrazone **1** to deliver the corresponding γ-ketoesters (**34**--**42**) in 62%--92% yield as single regioisomers. The catalytic protocol could also be extended to β-ketoamides, affording γ-ketoamides (**43**--**46**) in moderate to good yields (58--82%), with these one-carbon insertions once again proceeding in a regioselective manner, i.e., into the C(=O)−C bond.

Inspired by the above results, we sought to challenge the scope of the chemistry by using various α-substituted 1,3-diketones ([Figure 2](#fig2){ref-type="fig"}C), which have the potential to install two adjacent stereocentres in the product 1,4-dicarbonyls. In the event, 1,3-diketones featuring α-methyl, *n*-butyl, and benzyl groups all participated efficiently in the C−C insertion reaction with a variety of *N*-nosylhydrazones, giving 2,3-disubstituted 1,4-diketones **47--53** in moderate to high yields (44%--78%) and, to our delight, with good to excellent diastereoselectivity (4:1--13:1 *dr*) ([@bib10]). Such 2,3-disubstituted 1,4-diketones are widespread in biologically active natural products ([@bib9], [@bib38]) but are not easily accessed in a stereoselective manner by other methods ([@bib18]).

Finally, the robustness of the insertion was tested by performing a multigram-scale synthesis ([Scheme 2](#sch2){ref-type="fig"}). We were pleased to find that the reaction could readily be carried out on 15 mmol scale (5.10 g of **1**), affording **3** in high yield (86%, 5.23 g). The synthetic utility of the product 1,4-diketone **3** was briefly explored through its conversion to a 2,3,5-trisubstituted pyrrole **54** on treatment with magnesium nitride (94%) ([@bib30]); to a 1,2,3,5-tetrasubstituted pyrrole (**55**) on refluxing with aniline in acetic acid (88%); and to a 2,3,5-trisubstituted furan (**56**) on treatment with TsOH in toluene at 110°C (86%) ([@bib18]).Scheme 2Multigram-Scale Synthesis of **3** and Further TransformationsReaction conditions: (a) Mg~3~N~2~, MeOH, 90°C, 24 hr; (b) aniline (1.5 equiv), AcOH, reflux, 18 hr; (c) TsOH (50 mol %), toluene, 110°C, 8 hr.See also [Figures S112--S117](#mmc1){ref-type="supplementary-material"}.

Insight into the possible mechanism of this formal C--C insertion process was obtained through a series of control experiments ([Scheme 3](#sch3){ref-type="fig"}, see also [Scheme S1](#mmc1){ref-type="supplementary-material"}). First, attempted reaction of 3,3-dimethylpentane-2,4-dione ([Scheme 3](#sch3){ref-type="fig"}, Equation 1) met with failure, suggesting the ability of the dicarbonyl to form an enol or enolate to be important. Cyclohexane-1,3-dione also proved unsuccessful ([Scheme 3](#sch3){ref-type="fig"}, Equation 2); this substrate can clearly undergo enolization but cannot form an enolate capable of chelating to a metal ion through both oxygen atoms ([@bib7]). Under the standard silver catalysis, the reaction of *N*-nosylhydrazone **1** and silylenol ether **59**, which has no an electron-withdrawing group, resulted in cyclopropane **60**, without ring-opening ([Scheme 3](#sch3){ref-type="fig"}, Equation 3). In contrast, reaction of methyl phenyldiazoacetate with **59** afforded C-C coupling product **61**, which can be explained by *in situ* formation and ring-opening of a donor-acceptor cyclopropane intermediate ([Scheme 3](#sch3){ref-type="fig"}, Equation 4). The intermediacy of a silver enolate was then probed through the reactions of silver acetylacetonate and sodium acetylacetonate with **1** under the standard conditions. Only the former was successful, with product **32** isolated in 40% yield ([Scheme S1](#mmc1){ref-type="supplementary-material"}). This may imply that the silver ion plays a dual role not only in the formation of a silver carbenoid from a diazo compound generated *in situ* from the *N*-nosylhydrazone but also in the delivery of this carbenoid to the dicarbonyl through formation of a bidentate-complexed silver enolate.Scheme 3Mechanistic StudiesSee also [Figures S118--S123](#mmc1){ref-type="supplementary-material"}.

On the basis of these observations and related precedents ([@bib2], [@bib21]), a plausible mechanism for this formal C−C insertion process is proposed in [Scheme 4](#sch4){ref-type="fig"}. Initially, NaH promotes decomposition of the *N*-nosylhydrazone **1** to generate an unstable donor-type diazo species **I**, which then reacts with the silver enolate **II** formed from reaction of AgOTf with 1,3-dicarbonyls to give a key intermediate silver carbenoid **III** ([@bib29], [@bib3], [@bib22]). Intramolecular cyclopropanation of the enolate alkene by a carbene transfer-insertion affords cyclopropane **IV**, which undergoes a ring-opening retro-aldol process to generate intermediate **V** ([@bib5]). Protonation of **V** produces the 1,4-dicarbonyl product **P** and regenerates the silver(I) catalyst.Scheme 4Proposed Mechanism

Conclusion {#sec2.1}
----------

In summary, a silver-catalyzed formal carbene insertion into the unstrained C−C σ-bonds of 1,3-dicarbonyls has been developed using *N*-nosylhydrazones as diazo surrogates. In this process, two new C−C bonds are formed to the carbenic carbon atom, along with the regioselective cleavage of a C−C σ-bond. This protocol enables the assembly of synthetically important 1,4-dicarbonyls possessing tertiary/quaternary stereocenters in high yields and with excellent regio- and stereoselectivities. The dual role of the silver catalyst---as a Lewis acid in the formation of a silver enolate and as a transition metal in forming a silver carbenoid---is crucial. Given the mild reaction conditions, broad substrate scope, excellent functional group tolerance, and ready availability of the hydrazone substrates, this one-carbon insertion chemistry has much potential for the construction of useful polysubstituted 1,4-dicarbonyls.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Software Availability {#appsec1}
==============================

The data for the X-ray crystallographic structure of **3** has been deposited in the Cambridge Crystallographic Data Center under accession number CCDC: 1563346 (also see [Table S1](#mmc1){ref-type="supplementary-material"} in [Supplemental Information](#appsec3){ref-type="sec"}).
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Document S1. Transparent Methods, Figures S1--S123, Scheme S1, and Tables S1 and S2Data S1. X-Ray Crystallographic Data for Compound 3
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